Nitrogen-fixing activity associated with different wetland rice varieties was measured at various growth stages by an in situ acetylene reduction method after the activities of blue-green algae (cyanobacteria) in the flood water and on the lower portion of the rice stem were eliminated. Nitrogen-fixing activities associated with rice varieties differed with plant growth stages. The activities increased with plant age, and the maximum was about at heading stage. The nitrogen fixed during the whole cropping period was estimated at 5.9 kg of N per ha for variety IR26 (7 days) and 4.8 kg of N per ha for variety IR36 (95 days). The population of aerobic heterotrophic N2-fixing bacteria associated with rice roots and stems was determined by the most-probable-number method, using semisolid glucoseyeast extract and semisolid malate-yeast extract media. The addition of yeast extract to the glucose medium increased the number and activity of aerobic heterotrophic N2-fixing bacteria. The glucose-yeast extract medium gave higher counts of aerobic N2-fixing bacteria associated with rice roots than did the malateyeast extract medium, on which Spirillum-like bacteria were usually observed. The lower portion of the rice stem was also inhabited by N2-fixing bacteria and was an active site of N2 fixation.
The principal agents of nitrogen fixation in paddy fields are the blue-green algae (cyanobacteria), the water fern Azolla, the nonsymbiotic bacteria associated with rice, and the nonsymbiotic bacteria in the bulk of anaerobic soil (I. Watanabe, in Soils and Rice, in press).
The rhizosphere of rice was found by Dommergues et al. (8) and Yoshida and Ancajas (23, 24) to have N2-fixing activity. This activity was more pronounced in wetland rice than in dryland rice. It was suggested that the N2 fixation in the rice root zone is associated with the activity of N2-fixing heterotrophic bacteria that inhabit the rice rhizosphere and are probably dependent on organic substances excreted by the roots.
In previous papers (21, 22) , in situ acetylene reduction activity (ARA) assays conducted in paddy fields were reported. Watanabe et al. (22) proposed in situ ARA assays associated with rice after the elimination of the bulk of blue-green algae in the flood water. The elimination of aquatic biota greatly depressed ARA in paddy fields, indicating greater activity for blue-green algae than for the bacteria associated with rice plants.
This paper deals with the application of this technique to determine the changes in N2-fixing rates associated with wetland rice according to the growth stages and varieties of the rice. The population of N2-fixing bacteria associated with rice was also studied in connection with the N2-fixing rate of rice plants. MATERIALS 
AND METHODS
Enumeration of aerobic heterotrophic N2-flxing bacteria. The most-probable-number (MPN) technique using semisolid media was employed (15) . It is based on the ability of serially diluted cultures to reduce acetylene to ethylene. Roots of IR26 were dug from a paddy soil, washed gently under running water to remove the bulk of adhering soil, and then rinsed four times in sterile water. Roots were cut into 1-to 2-cm segments, and then blotted gently with sterile tissue paper. A 1-g (fresh weight) portion of segments was placed in a 250-ml flask containing 100 ml of sterile water and 5 g of glass beads, which was shaken vigorously on a rotary shaker for about 15 to 20 min. Three replicate root samples were made. The bacteria dislodged by shaking were considered as rhizoplane (root surface) bacteria. A series of 10-fold dilutions was prepared, and 0.1-ml portions were inoculated into cotton-plugged 13-ml Vacutainer tubes (four tubes per dilution) with 2 ml of semisolid medium (Table 1) . The tubes were incubated at 35°C for 2 days, and then the cotton plugs were replaced with sterilized rubber serum caps. Air (10%) was replaced with acetylene. After the tubes were incubated at 35°C for 24 h, the ethylene formed was measured by gas chromatography. The method of gas chromatography was described by Lee and Yoshida (11) . Tubes were considered positive if activity was more than 6 nmol of C2H4 per tube.
To obtain samples for counting "histosphere" (inner root) bacteria, the roots used in rhizoplane sampling were picked out and washed several times in sterile water. The roots were either macerated or blended. The samples for rhizosphere soil bacteria were obtained from the soil removed from the roots during washing. For the stem bacteria, the lower portion (about 2 to 4 cm from the tip) of the stem, which was mostly in the soil, was used. The surface of the stem was washed and carefully scraped to remove the rootlets. The samples were washed three times in sterile tap water, and then macerated.
The aerobic heterotrophs were counted on 3.0% tryptic soy broth (Difco)-1.5% Noble agar (Difco) plates incubated at 30°C for 1 week.
Field assay. During the 1976 wet season, in situ ARA assays were performed in field plots at the International Rice Research Institute (IRRI). These plots were planted with different rice varieties and received no nitrogen fertilizer. The assays were carried out as described by Lee and Watanabe (10) after the bulk of algal activity was eliminated (22) .
During the wet season of 1977, the ARAs associated with varieties IR26 and IR36 were compared. The experimental site used was as described in a previous paper (22) , and the algal activity was eliminated by the water replacement technique (22) together with an aluminum foil cover at the basal portion of the hills. Two blocks were used for periodic assay, with each block having unplanted and planted plots. The area of each plot was 45 m2, and seedlings were transplanted at 20-by 20-cm spacing. In most cases, assays were made every 3 weeks, and three replicates were set in each block.
Laboratory assay. Fresh rhizosphere soil (100 g) and 1 g of fresh root or stem samples were placed in 500-and 50-ml flasks, respectively. For aerobic conditions, 10% of the air was replaced with acetylene. For anaerobic conditions, the gas phase was replaced by Ar by evacuating the flasks three times. Then, 10% of the Ar was replaced with acetylene. Samples were incubated at 30°C for 5 (19) in the malate semisolid medium before and upon subculturing.
RESULTS
The results of testing several media for estimating the population of aerobic heterotrophic N2-fixing bacteria are shown in Table 2 Table 5 . Both varieties had increased activities as they grew, and the highest activity was found 64 days after transplanting for both varieties. At this stage, IR26 at about 21 to 26 days before heading had higher activity than did IR36, which was already at its heading stage. Activity declined after 64 days after transplanting. Total ARA rates during the period of rice growth were estimated as the product of the average of daily ARA rates and days. Thus, based on a 3:1 conversion ratio, the nitrogen fixed from transplanting to harvest of IR26 (107 days) was 5.9 kg of N per ha, whereas it was 4.8 kg of N per ha for IR36 (95 days). Both varieties gave almost similar average daily ARA values despite the differences at several rice growth stages. The activities at the ratoon stage were lower than those before the harvest.
The populations of heterotrophs and aerobic (22) , some extent of N2-fixing activity is associated with the lower stem portion of wetland rice. To determine whether N2-fixing bacteria and activities are found in the stem portion, the ARA and population of aerobic heterotrophic N2-fixing bacteria associated with the stem were compared with the ARA and population of bacteria associated with other parts. The in situ ARA of IR26 and the in vitro activity of its rhizosphere soil, root, and stem are shown in Table 7 . In vitro ARA of the stems was almost equal to that of the roots. The in situ activity was higher at 57 days after transplanting than at 40 days after transplanting. The in vitro activities of the stem and root showed similar tendencies. Their activities were higher than those of rhizosphere soil under both aerobic and anaerobic conditions. The anaerobic incubation tended to give high rates of acetylene reduction, but they were not always significantly higher.
It is quite evident that the lower portion of (Table 8 ). The population of these bacteria in the stem and histosphere can be compared because both tissues were macerated for counting. More heterotrophs and N2-fixing bacteria on glucose media inhabited the histosphere. The counts in malate-yeast extract medium were lower than those in glucose-yeast extract medium, except for stem samples. When highly active MPN malate-enriched cultures from the rhizosphere soil, root, and stem were examined for the presence of Spirillumlike organisms, about 77% of the cultures re- 'The stems of plants were wrapped with aluminum foil to eliminate photodependent activity of adhering algae.
c Average ± standard error of the mean (n = 4). d Under aerobic condition (10% of the air was replaced with C2H2). ' Under anaerobic condition (10% of the argon was replaced with C2H2). (Table 9 ). Other bacteria, usually gram-negative, short rods, were also observed. The histosphere and rhizoplane showed high percentages of Spirillum-like organisms, followed by the stem and the rhizosphere soil. DISCUSSION Under our experimental conditions, the heterotrophic N2-fixing activity associated with rice is too low to sufficiently supply the nitrogen demand of a rice plant (40 to 60 kg of N per crop) (Watanabe, in press ). The data in this paper show that varietal differences in N2-fixing activity associated with wetland rice are dependent upon the growth stage of the rice. Comparison of varietal differences at a single growth stage may be misleading. According to the data presented here, we did not find a rice variety that showed contrastingly higher N2-fixing activity throughout the growth period.
In the analysis of the relation of N2-fixing rates associated with rice to the population of N2 fixers in the rhizoplane and the histosphere, two factors must be reckoned with: variation of MPN and the contribution of the stem to N2 fixation. The variance of MPN was larger than the variance of acetylene reduction rates. Therefore, more data are needed to compare the activity and the population. In a previous paper (22) , we found that a part of the N2-fixing activity was associated with the top parts of the rice plants by measuring in situ acetylene reduction rates of root-cut rice plants in the field. We assumed that considerable N2-fixing activity was associated with the lower portion of the stem. In another paper (20) we also confirmed the contribution of the lower part of stems to N2 fixation associated with wetland rice. The contribution was assessed by comparing ARA rates of intact and root-cut plants. In portion of stem, which is composed of many nodes, is a relatively neglected site of microbial activities associated with the plant. This part is also a potential site for N2 fixation, as shown by our data. In view of this, we prefer to use the term "acetylene-reducing activity associated with rice" rather than "acetylene-reducing activity in the rice rhizosphere," because the former includes the activity contributed by the stem.
Our results suggest that Azospirillum, which was considered by Dobereiner and Day (6) (16) counted N2 fixers in the wheat rhizosphere by testing the ARA of randomly picked isolates from malate "N-free" plates and obtained about 5.7 x 107 cells per g (dry weight). The number of Azospirillum obtained by these authors is almost identical to the number we obtained for wetland rice roots. Kumari et al. (9) also reported the widespread presence of Azospirillum in wetland rice. None of these authors, however, counted N2-fixing bacteria capable of growing in media other than malate medium. Therefore, it remains to be clarified whether Azospirillum is the predominant N2-fixing bacterium associated with various plant roots. From Table 6 , it is noticeable that the MPN of N2 fixers on glucose-yeast extract medium was close to the viable counts of heterotrophs on agar plates. Watanabe and Barraquio [Nature (London), in press] selected the isolates from tryptic soy agar plates and tested for N2-fixing activities on semisolid glucose-yeast extract medium. A high incidence of N2-fixing bacteria was found from rhizoplanes and stems of wetland rice. These N2-fixing bacteria require microaerophilic conditions for nitrogenase activity.
The defmitions of rhizoplane and histosphere used in this paper are operational. In our technique, those bacteria that inhabit the root surface but are not removed by shaking and washing may be included in the histosphere bacteria. Therefore, sometimes rhizoplane bacteria gave higher counts and sometimes they did not (Tables 4 and 8). We tried root surface sterilization to kill rhizoplane bacteria, but the sterilization was too delicate to be adopted as a routine procedure.
Comparison with ARA assayed by intact core methods and associated with corn (3, 17) , wheat and sorghum (16) , Agrostis tenuis (13) , and Digitaria (2) leads us to conclude that N2 fixation associated with wetland rice is higher than that associated with dryland plants. Tjepkema and Evans (18) pointed out that the wetland plant Juncus balticus also has a higher N2 fixation rate, and they suggested that high rates may be associated with wetland plants. LITERATURE CITED 
